Melittin is a 26-residue, amphipathic, cell-penetrating, a-helical anti-hepatoma peptide isolated from bee venom. However, the application of melittin as a drug is limited owing to its original conformational flexibility and low stability. In this study, we designed, synthesized, and tested a series of hydrocarbonstapled analogs of melittin, of which, some analogs showed remarkable enhancement not only in antihepatoma activity, but also in a-helicity and protease resistance when compared to the parent melittin.
Hepatocellular carcinoma (HCC) is a highly malignant disease worldwide and the third and seventh most common cause of cancer deaths in men and women, respectively. 1 At present, the most effective treatment of HCC is hepatic resection, liver transplantation, and traditional chemotherapy, but the overall 5 year survival rate of HCC patients still remains low (33%). [2] [3] [4] Therefore, it is urgent to discover more effective agents that either inhibit the growth or induce the apoptosis of HCC cells.
As an amphipathic, cell-penetrating, a-helical 26-residue peptide, melittin is a predominant pharmacological active component of bee venom, 5 which exhibits a wide range of biological activities including anti-inammation, anti-bacterial, anti-platelet-aggregation, and anti-tumor activities. [6] [7] [8] [9] [10] Among these, the anti-tumor effect of melittin has recently attracted signicant attention. [11] [12] [13] [14] [15] [16] [17] [18] Melittin has been proven to show not only cytolytic toxicities on many types of tumor cells through direct interaction with cell transduction mediators and inuencing cellular signaling pathways in vitro, but also direct inhibition of tumor growth, metastasis, invasion, and proliferation in vivo. 19 Previous studies demonstrated that melittin shows a strong inhibitory effect on HCC cells. The intracellular targets of melittin for HCC cells have been reported by several groups: Rac1, 20 Ca2 + /calmodulin-dependent protein kinase (CaMKII)-transforming growth factor-b-activated kinase 1 (TAK1)-JNK/ p38, 21 histone deacetylase 2 (HDAC2), 22 methyl-CpG-binding protein 2 (MeCP2), 23 and cathepsin S (Cat S). 24 Despite its promising potential as a new anti-HCC therapeutic, 20,25-28 the application of melittin as an a-helical L peptide has been severely limited owing to the inherent drawbacks of normal peptides. For example, its original conformational exibility could allow it to interact with various molecules besides the intended target, leading to a relatively low selectivity of binding with HCC cells. 29 Their short in vivo half-life and bioavailability is also one of the major drawbacks of peptides due to their high proteolytic susceptibility. In addition, as melittin induces cell lysis by forming pores in the lipid bilayer of the cell membrane and destroys the cell membrane in a non-specic manner, it cannot be directly injected. 30 In recent years, Verdine et al. developed a type of allhydrocarbon crosslinking strategy that constrained peptides in the a-helical conformation and successfully applied it in many active L peptides. 31 This method has been proven to efficiently enhance protease resistance and cell permeability. 32, 33 In light of this, we hypothesized that using this peptide-stapled system, the corresponding melittin analogs might increase cell permeability, alleviate its aggregation on cell membranes and reduce the hemolytic activity of melittin, achieving a reasonable level of protease stability and intracellular target engagement for anti-HCC activity.
To investigate the inuence of all-hydrocarbon crosslinking on the biological activity, stability, and hemolytic activity of melittin, we planned to acquire the hydrocarbon-stapled analogs of melittin. Helical wheel projections indicated the amphipathic helical structure of melittin ( Fig. 1A) , of which, Val8, Thr11, Pro14, and Leu16 are the key residues for the biological activities of melittin ( Fig. 1B) . 34 Therefore, our rst criterion was to avoid the modication of these positions.
Again, as cellular uptake is highly associated with hydrophobicity, staple crosslink placement at the amphipathic boundary reects a critical step in designing a cell-penetrant stapled peptide. 35 In the end, because melittin is composed of more than 25 amino acid residues, it represents a relatively high manufacture cost; thus, effort should be made to reduce the size of melittin and maintain its anti-HCC activity.
Based on the abovementioned rules, we designed a series of stapled peptide-based analogs of melittin ( Fig. 1B) and incorporated two olen-carrying amino acids (Fmoc-S 5 -OH) at the i and i + 4 positions (Leu6/Thr10, termed as Mel-S1 and the truncated analog, termed as Mel-S5). Additionally, we incorporated the olen-carrying amino acids Fmoc-R 8 -OH and Fmoc-S 5 -OH at the i and i + 7 positions (Gly3/Thr10, Val5/Gly12 and Ala15/Arg22) to obtain peptides Mel-S2, Mel-S3, and Mel-S4.
For the synthesis of the stapled peptides Mel-S1 to Mel-S5 and melittin, we used the standard Fmoc solid-phase peptide synthesis (SPPS) procedures with Rink Amide MBHA resin as the solid support to assemble the linear sequence rst (Fig. 2) . 36 Aer the peptide assembly was completed, the olen-containing peptides were stapled using Grubbs' rst-generation catalyst. The peptides were cleaved from the resin and globally deprotected with reagent K (80% TFA, 5% H 2 O, 2.5% EDT, 5% thioanisole, and 7.5% phenol). Cold ether precipitation provided crude peptides, which were puried by semi-preparative RP-HPLC.
To probe structural changes induced by the conformation constraint, we determined the percent helicity of all the stapled peptides via circular dichroism (CD) measurement. The CD analysis of the peptides (Fig. 3, Table 1 ) indicates that the helicity of melittin is only 12%, whereas the helicity for Mel-S1 to Mel-S5 ranges from 19% to 47%, corresponding to a 1.6 to 4-fold increase. These results demonstrate that our stapled peptide strategy can improve the helicity compared to that using parent melittin. Mel-S5, the truncated analog of Mel-S1, displayed the highest degree of helicity (47%) in the aqueous solution and acquired a 1.7-fold increase compared to Mel-S1. The signicant difference in their helical contents implies that the allhydrocarbon stapling is a promising strategy for the a-helical structure stabilization of relatively short sequences. The observation that Mel-S4 shows the least level of a-helicity veries that melittin is mostly a-helical in structure by Nterminal 20 residues. 37 Next, the growth inhibition of HCC cells in the presence of individual peptides was evaluated in SMMC-7721 cells and HepG2 cells using the MTT assay. Under the assay condition used in this study, all the stapled peptides enhanced or maintained anti-HCC activity compared to melittin (Table 1) . Among them, the anti-HCC activity of Mel-S5 showed less promotion although its a-helicity is the highest. This observation may suggest that the highly polar, cationic C-terminal tail is indispensable for the activity of melittin. Mel-S3 also did not work very well. A reasonable explanation is that the helix-interrupting Pro14 (along with Gly12) in melittin allows for the formation of a kinked structure, creating a toroidal pore through the membrane, 38 and the huge stapled group does not contribute to forming this pore. In other words, Gly12 in the sequence of melittin is critical for the interaction; therefore, it cannot be used as a site for stapling.
Unlike Mel-S3, Mel-S1 and Mel-S2 exhibit considerably enhanced activities for the growth inhibition of HCC cells. These results indicate that a higher helicity is more benecial for the activity. However, Mel-S4 exhibits the best anti-HCC property compared to the parent peptide on SMMC-7721 cells and HepG2 cells although its helicity is only 19%. This is probably because the hydrophobic stapled group in the hydrophilic sequence contributes to improving the amphipathic property, which would effectively interact with HCC cells. 39 To further research the hemolytic activity (HC 50 ) of the stapled peptides, Mel-S4, the optimal peptide for anti-HCC activity, was evaluated by determining hemoglobin release from erythrocyte suspensions of fresh rabbit blood. As shown in Fig. 4 , Mel-S4 displays a highly enhanced HC 50 compared to the unmodied melittin (0.7 mM versus 2.6 mM). The cytotoxicity of compounds correlates with the capacity for cellular uptake, target binding affinity, and membrane lytic properties, 35 implying that the anti-HCC activity of the stapled peptides could be attributed to both intracellular target engagement and plasma-membrane lysis.
To test the protease stability of the stapled peptides, we measured their susceptibility towards a-chymotrypsin-mediated degradation at room temperature in pH 7.4 PBS buffer containing 2 mM of CaCl 2 , as monitored by HPLC. a-Chymotrypsin is a protease that predominantly cleaves at the carboxyl side of positively charged amino acids such as Trp and Leu. Under these conditions, the half-life (t 1/2 ) of melittin is 4 min (Fig. 5 ). In contrast, more than 35% of Mel-S4 (t 1/2 ¼ 47 min) remained uncleaved even aer 1 h of protease exposure. These results unambiguously demonstrate the inherent superiority of the stapled peptides over line-peptides with respect to proteolytic stability.
In summary, herein, we examined the inhibitory effects of stapled peptide-based analogs of melittin on SMMC-7721 cells and HepG2 cells. We demonstrated that the stapled peptides are exceptionally stable against HCC cells and proteolytic degradation and their a-helicity can be improved via conformation constraint. Further investigation on the possibility of boosting the anti-HCC activities and reducing hemolytic activity by manipulating the sequence of Mel-S4 is currently underway. The underlying cellular and molecular mechanism remains poorly understood at present about how melittin possesses anti-HCC effects; therefore, it is a challenging work for melittin to efficiently reach biological intracellular targets without plasma membrane disruption. 
